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Chapter 4
Molecular Genetic Research on Personality
Stéphanie M. van den Berg and Marleen H. M. de Moor
 Introduction
The view that personality has a biological origin traces back to the ancient Greeks. 
Hippocrates postulated as early as 400 years B.C. that humans can be classified into 
four different personality types: sanguine (optimistic, hopeful), melancholic (sad, 
depressed), choleric (irascible), and phlegmatic (apathetic) (Merenda, 1987). 
Hippocrates stated that these different personality types are linked to different 
bodily fluid systems, also called humors: the blood for the sanguine type, black bile 
for the melancholic type, yellow bile for the choleric type, and phlegm for the 
phlegmatic type. A balance between these bodily fluids was thought to be needed 
for a good health.
Although the personality typology of Hippocrates has undoubtedly influenced 
contemporary scientific ideas about the structure of personality, the idea of bodily 
fluids as the biological origin of personality has clearly been discarded. Instead, 
modern science has turned toward the brain as the seat of our personality. In order 
to understand individual differences in personality, and in particular, the origin of 
these personality differences, studies on the biological, hereditary basis of human 
individual differences in personality have expanded to include, besides twin and 
family studies, molecular genetic studies. These molecular genetic studies try 
to link variation in the human DNA to individual differences in personality traits. 
In this chapter, we will provide an overview of this molecular genetic work. 
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The  chapter is structured as follows. First, we will describe how historical break-
throughs in our knowledge about the human genome, including novel scientific 
techniques to study the genome, have enabled molecular genetic research on per-
sonality. Second, we will explain in more detail the methodology behind the most 
commonly used types of molecular genetic studies. Next, we will proceed with 
reviewing the findings from molecular genetic studies on personality. Did we suc-
ceed in finding genes that can explain the individual differences in personality 
across humans? We will close with a general conclusion about the current state of 
our knowledge and a discussion about future research avenues regarding molecular 
genetic research on personality.
 History
Molecular genetic research on personality aims to investigate whether there is a 
relationship between measured variations in human DNA and personality traits. 
Variation in DNA comes in different forms, and techniques to measure this variation 
have not always been available in the past. In this section, we provide a brief histori-
cal account of molecular genetic research applied to the study of personality 
(Table 4.1).
The seminal work of Gregory Mendel published in 1866 provides the foundation 
of modern genetic research (Mendel, 1866). As a botanist, Mendel conducted a 
series of experiments in his garden and discovered that the inheritance of certain 
characteristics of pea plants, such as whether they were wrinkled or smooth, fol-
lowed a specific pattern. He concluded that there must be some “heredity units” that 
are passed on from one generation to the next in a random manner, which became 
known as the Law of Segregation, one of Mendel’s three laws on the principles of 
Table 4.1 History of molecular genetic research on personality
Year Event
1865 Gregor Mendel discovered that heredity is transmitted in “units”
1909 Wilhelm Johannsen coined the word “gene” to describe Mendel’s heredity units
1918 Ronald Fisher proposed polygenic model of inheritance
1953 James Watson and Francis Crick discovered the double helix structure of DNA
1980 Genetic linkage analysis using anonymous DNA polymorphisms was proposed
1983 First gene discovery for a Mendelian disease (Huntington’s disease)
1996 First candidate gene studies to link genes to neuroticism and novelty seeking
1998 First genetic linkage study for neuroticism
2000 First working draft of the human genome project was presented
2003 Human genome project was completed
2008 The first two genome-wide association studies for neuroticism were published
2012 First SNP-heritability studies and first meta-analytic genome-wide association study for 
five personality traits
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inheritance. In the decades that followed (roughly between 1865 and 1950), scien-
tists have made many important discoveries that collectively constitute our current 
vital knowledge about these “heredity units” that we nowadays call genes, a term 
first coined by Wilhelm Johannsen in 1909 (Johanssen, 1909). Genes are specific 
segments of DNA molecules that are functional and code for proteins via the pro-
cesses of transcription and translation (gene expression). Humans have 46 of such 
DNA molecules: two copies of 22 autosomes and 2 sex-specific chromosomes (XX 
for females and XY for males). Together our chromosomes carry approximately 
20,000–25,000 genes. The chromosomes, and hence the genes located on them, are 
found in each cell nucleus of the human body. Each chromosome consists of two 
interconnected strands of nucleotides, also known as the double helix, which was 
first described by Watson and Crick in 1953 (Watson & Crick, 1953). The nucleo-
tides on these strands contain different chemical groups: a sugar molecule, a phos-
phate group, and one of four nitrogenous bases: adenine (A), cytosine (C), guanine 
(G), and thymine (T). Together with the mitochondrial DNA, the chromosomal 
DNA constitutes the human genome and contains all the genetic information in a 
person. The human genome is approximately 99.9% identical across all humans. 
The remaining 0.01% contains the genetic variation that is responsible for individ-
ual variation in human characteristics, such as disease status, physical appearance, 
and complex traits like personality. To summarize, most of our basic knowledge 
about DNA derives from a series of discoveries made in the first half of the twenti-
eth century. It was only in the second half of this century that it became possible to 
study more systematically the links between DNA variation and numerous pheno-
types, starting with hereditary diseases but soon also more complex traits like 
personality.
In 1980, researchers for the first time discovered actual polymorphisms in the 
DNA, which are pieces of DNA that show variation within a population, which led 
to an explosion of two types of studies linking DNA variation to a particular pheno-
type between the 1980s and 2000: genetic linkage studies and candidate gene stud-
ies (explained in more detail in the next section). In 1983, a human disease, 
Huntington disease, was first linked to such a polymorphic DNA marker (Gusella 
et al., 1983). With regard to personality, it was 13 years later that the first three can-
didate gene association studies were published (Benjamin et  al., 1996; Ebstein 
et al., 1996; Lesch et al., 1996). Two years after that, the first genome-wide linkage 
study for personality appeared (Cloninger et al., 1998).
In the meantime, the Human Genome Project (HGP) was launched in 1990, 
which aimed to sequence the entire human genome in 15 years of time. A first draft 
of the human genome was presented by the HGP in 2000 (Lander et  al., 2001). 
Three years later, in 2003, the HGP was considered complete, having sequenced 
99% of the human genome with 99.9% accuracy (Consortium, 2004). This impor-
tant accomplishment paved the way for genome-wide association (GWA) studies, in 
which a large number of genetic variants across the genome, typically in the order 
of hundreds of thousands or even millions, can be tested for association with a phe-
notype of interest. Five years after completion of the HGP, the first two GWA stud-
ies for personality appeared (Shifman et al., 2008; van den Oord et al., 2008). Since 
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then, gene-finding studies for personality have increased in terms of sample size and 
number of variants studied and have also included some novel techniques estimat-
ing the heritability of personality traits based on measured genomic variation. In the 
next section, we will explain in somewhat more detail the methodological principles 
behind the molecular genetic methods currently available (candidate gene studies, 
linkage studies, GWA studies and beyond). In the section thereafter, we will discuss 
what the application of these methods to the study of personality has yielded in 
terms of gene-discovery results.
 Methodology
The object of molecular genetics is to identify the regions on the genome that are 
responsible for the variation in a trait. That means that researchers look for varia-
tions in the four nitrogenous bases indicated by the letters A, C, G, and T in genomic 
regions. All of the methods are based on the phenomena of segregation and linkage. 
Segregation refers to the separation of pairs of genetic variants in the process of 
reproduction. This means that for each variant, offspring receive one copy of the 
genetic variant from one parent and another copy of the genetic variant from the 
other parent. Linkage refers to the phenomenon that DNA sequences that are located 
closely together on a chromosome are more likely to be inherited together during 
the meiotic phase of reproduction. In other words, they are said to be linked (i.e., 
correlated). Genetic variants on different chromosomes are unlinked. In the next 
paragraphs we will describe the methods that use these principles of segregation and 
linkage to investigate the links between genetic variation and phenotypic variation 
in more detail, focusing on the basic logic of these methods.
 Candidate Gene Association Studies
In a candidate gene association study, researchers typically test the association 
between a single or a few specific genetic variants located within genes and levels 
of a particular trait (phenotype). Briefly, such a study involves four steps: (1) select-
ing a putative gene based on prior knowledge about the function of this gene, (2) 
selecting one polymorphism (or sometimes a few) on the gene that might affect 
gene regulation or its protein product, (3) genotyping individuals for this polymor-
phism and phenotyping the trait, and followed by (4) a statistical analysis of the 
relationship between the polymorphism and the phenotypic score.
As an example, suppose earlier work on mice has shown that a strain of mice that 
has two nonfunctional (i.e., non-protein coding) copies of a gene A shows a particu-
lar pathological behavior that we might consider relevant for human personality 
trait Z. Mice that have one or two functional gene copies (i.e., in this case gene A 
codes for a particular protein) do not show this particular pathological behavior. Our 
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interest therefore lies in gene A that also occurs in a human form. Gene A would be 
selected as our candidate gene (step 1). This selection could be based on informa-
tion from online catalogues about genes in different species, more specifically on 
information about the gene structure, expression and function, its variation in 
humans, and previously found links between the gene and phenotypes of relevance 
for the particular behavior. Some of the genetic variation across humans occurs in 
protein coding regions of the gene, and some of this variation occurs elsewhere. 
Based on several criteria, we select regions in which a nitrogenous base sequence 
varies across individuals (step 2: selecting a polymorphism in a gene). For instance, 
we find in some gene copies the base series AC and in other gene copies the base 
series ACACAC, so the sequence AC is repeated three times. Thus, we have a gene 
copy with a long series and a gene copy with a short series. This would be an 
example of a variable number tandem repeat (VNTR), sometimes also called micro- 
or minisatellites, depending on the number of repeated nucleotides that occur in the 
population. In the third step, we genotype a sample of individuals: we find that some 
individuals have two short copies (one inherited from their mother, the other from 
their father, resulting in a homozygous short genotype), other individuals have two 
long copies (homozygous long genotype), and the rest have one long copy and one 
short copy (heterozygous genotype). In the same study, we can phenotype the indi-
viduals: we ask them to fill in a personality questionnaire and measure their score 
on trait Z. In the fourth step we can correlate the number of long copies with the 
personality trait score (representing an additive gene model, but note that non- 
additive models could also be used). For more on candidate gene studies and their 
limitations, see Patnala, Clements, and Batra (2013).
 Linkage Studies
Candidate gene studies are only likely to succeed if there are good reasons to sus-
pect an association between variants of the gene and the trait of interest, a priori. If 
there are no prior ideas about which genes would be associated with a trait, one can 
conduct a genome-wide linkage study to search for regions along the genome where 
genes associated with the trait of interest might be located. Genetic linkage studies 
investigate how a genetic marker co-segregates with a trait (or disease) in related 
individuals (e.g., nuclear families or sibling pairs). Linkage studies use the principle 
of genetic linkage: loci close together are said to be “linked,” because they tend to 
be inherited together (Ferreira, 2004).
Similar to candidate gene association studies, polymorphisms are selected to 
measure genetic variation. However, these markers are not selected based on a priori 
knowledge about their gene function, but they are selected because they are known 
to be highly polymorphic. In addition, a much larger number of markers is used, 
typically a few thousands, spread evenly across the genome to maximize genomic 
coverage. Typically, microsatellites are used in linkage studies, but other variants 
such as single nucleotide polymorphisms (SNPs) have been successfully used (Ball 
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et  al., 2010). Another important difference between linkage and candidate gene 
studies is that in linkage studies, family data are needed, while this is not required 
for a candidate gene study.
Linkage studies are conducted with the following steps. In a first step, for every 
polymorphism or marker, the genotypes for all individuals in the sample are deter-
mined. In a second step, a linkage statistic is calculated that measures the evidence 
for an association between the marker and the trait of interest. Which linkage statis-
tic is used depends on the design of the study, such as the inclusion of large family 
pedigrees, nuclear families, or sibling pairs. Based on family data, for each location 
on the genome, the identical by descent (IBD) status is estimated. IBD means that 
at that particular location, the genomic letters were inherited from the same ances-
tor. For example, imagine two sisters who at the same location each have the same 
two copies ACCT and ACCCT (heterozygous genotype). The copies of the two 
sisters seem identical. However, it might be that sister 1 inherited the ACCT from 
her father and the ACCCT from the mother, and sister 2 vice versa. In that case, at 
that location on the genome, they are identical by state (IBS) but not identical by 
descent (IBD). In the Haseman-Elston algorithm (Haseman & Elston, 1972), the 
squared difference between trait scores of the two sisters is regressed on the esti-
mated number of IBD markers. The reason behind this is that if siblings who are 
IBD 2 (i.e., inherited the same two polymorphisms from the same parents) in a 
genomic region tend to have a very small difference in trait scores, while other sib-
ling pairs who are IBD 1 or 0 tend to have larger differences in trait scores, there is 
likely a genetic variant in the same region associated with the trait. This is so because 
if they are IBD for the marker, they are very likely to share the same genetic variant 
in the same region that is responsible for the trait of interest (the causal variant). 
Many extensions and variations of the Haseman-Elston algorithm have been devel-
oped for complex pedigrees, including variance components modeling methods 
(Almasy & Blangero, 1998; Amos, 1994).
In a third step, the linkage statistics obtained for the different regions are com-
pared, and it is determined whether at some point across the genome one or more 
regions show a significant deviation from what would be expected if there would be 
no linkage. Based on the principles of segregation and linkage, the closer the causal 
variant is to the marker, the larger the probability that the test statistic will pick up 
the signal. However, it will also very much depend on the frequencies of both the 
causal variant and the marker. It has turned out that genetic linkage is only a suitable 
technique to pick up regions of interest that harbor causal genetic variants if the 
effect sizes are relatively large.
 Genome-Wide Association (GWA) Studies
GWA studies are usually based on unrelated individuals, just like in candidate gene 
association studies. An important difference, however, is that while candidate gene 
studies are viewed as inherently hypothesis-driven, GWA studies are considered 
hypothesis-free or hypothesis-generating at most. In that sense, GWA studies are 
S. M. van den Berg and M. H. M. de Moor
105
more comparable to linkage studies. Their combined aim is to map genes to traits, 
that is, to find genomic locations that harbor genetic variations that are responsible 
for observed variations in a phenotype and to do this without using a priori knowl-
edge about the functions of specific genes or genetic variants. There are however 
also some notable differences between GWA studies and linkage studies. Linkage 
studies are conducted in families using a few thousands microsatellite markers, 
while GWA studies are mostly conducted in unrelated individuals measuring hun-
dreds of thousands or even millions of SNPs.
The method of GWA is deceptively simple: (1) genotype a sample of individuals 
for a large number of SNPs using microarrays specially developed for this purpose, 
and phenotype the trait; (2) possibly also impute SNPs that are known to be poly-
morphic in the population of interest, but not present on the microarray, using a 
reference set that is suitable for that population, for example, 1000G or HAPMAP 
reference sets; (3) for every genotyped SNP, determine the number of risk alleles (0, 
1, or 2) (or for imputed SNPs: weigh according to the probabilities of the geno-
types); (4) for every SNP, perform a regression of the phenotype on the number of 
risk alleles (linear regression for a quantitative trait, logistic regression for a disease 
phenotype). Control variables are typically added to the regression model, for 
example, age, gender, and principal components to correct for population stratifica-
tion. Next, for every SNP, it is tested whether the regression coefficient is statisti-
cally significant, using a predefined multiple-testing corrected significance level. 
Given that a typical GWA array contains about 500,000 SNPs, a Bonferroni cor-
rected significance level of 5*10−8 is generally used. If the p-value of the association 
between a SNP and the trait is found below this level, this is regarded as a genome- 
wide significant “hit.” The genomic region surrounding the SNP with this p-value is 
then studied for interesting genes that might be meaningful with regard to the trait 
studied.
Recent years have seen many meta-analyses of such GWA studies. In a meta- 
analysis, the statistical results of several studies are combined into one to identify a 
robust pattern of results. In the case of a GWA, for each SNP, the estimated regres-
sion coefficients for the phenotype from each individual study are pooled to form 
one estimated effect. It is a weighted average effect, weighted by the respective 
sample sizes of the individual studies. In addition, the standard error of this pooled 
regression coefficient is also adjusted, to reflect the increased sample size due to the 
pooling. This can lead to an enormous increase in statistical power, making it more 
likely, as compared to linkage studies, that meta-analytic GWA studies detect 
genetic variants of small effect size.
 SNP-Based Heritability Studies
In 2011, a new method was proposed that uses genome-wide SNP data to estimate 
heritability (Yang, Lee, Goddard, & Visscher, 2011). The method is also known as 
genome-wide complex trait analysis (GCTA). Studies that apply this method are 
often called SNP-based heritability studies. The method briefly works as follows. It 
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is based on the notion that even unrelated individuals are to some degree genetically 
related, because they share common ancestors. The GCTA method estimates a 
genetic relationship matrix among all unrelated individuals in a sample, based on 
the available genome-wide SNP data. Typically, the genetic data are pruned to 
include a subset of SNPs that are largely independent (in low linkage disequilibrium 
(LD)). In a next step, the genetic relationship matrix is used to estimate the propor-
tion of phenotypic variance explained by (additive) genetic variance, the so-called 
SNP-based heritability of a trait. This technique has more recently been extended to 
allow to use the information from all SNPs (without pruning) by modeling the LD 
structure among SNPs (Vilhjálmsson et al., 2015) and multivariate extensions using 
LD regression techniques to compute the SNP-based genetic correlations among 
phenotypes (Bulik-Sullivan et al., 2015).
In the next section, we will review what candidate gene studies, linkage studies, 
and GWA studies, including SNP-based heritability techniques, have yielded in 
terms of our knowledge about which and how many genes are related to explaining 
individual differences in personality traits.
 Findings
Molecular genetic studies on personality have assessed personality traits with dif-
ferent instruments, grounded in different theories, mainly Cloninger’s theory on 
temperament and characters (Cloninger, 1987; Cloninger, Svrakic, & Przybeck, 
1993), Eysenck’s personality theory (Eysenck, 1967; Eysenck & Eysenck, 1985), 
and the five-factor model (FFM) of personality (McCrae & Costa, 1987). The theo-
ries of Cloninger and Eysenck both propose that personality has a genetic, (neuro)
biological basis but distinguish different higher-order traits. The FFM of personality 
is derived from factor analytic techniques and does not theorize about any biologi-
cal origin.
Cloninger’s theory distinguishes between temperament and character. 
Temperament is thought to be strongly heritable and develop early in life, while 
character is less heritable and rather develops in adulthood. Molecular genetic stud-
ies have therefore focused on temperament. Four dimensions of temperament have 
been proposed: novelty seeking, harm avoidance (sometimes labeled anxiety prone-
ness), reward dependence, and persistence. Novelty seeking reflects the behavioral 
activation system (seeking out novelty and stimulation) and is hypothesized to be 
linked to the dopaminergic pathway. Harm avoidance reflects the behavioral 
 inhibition system and is suggested to be linked to serotonergic brain activity. Reward 
dependence, encompassing characteristics like warm communication, sensitivity to 
social cues, sympathy, and in extreme form social dependency, is proposed to be 
linked to low noradrenergic neurotransmitter activity. Lastly, persistence is defined 
as the tendency to persevere a task, especially when challenged by frustration or 
fatigue. This dimension has suggestively been related to prefrontal brain activity 
rather than to any particular neurotransmitter system.
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Eysenck’s theory posits three main dimensions: neuroticism, extraversion, and 
psychoticism. Persons high on neuroticism are emotionally reactive in response to 
external stimuli, which has been linked to the limbic brain system as well as the 
closely connected endocrine and autonomic nervous systems. Persons high on 
extraversion are underaroused, therefore searching for more stimulation through 
(social) activities, whereas persons low on extraversion (introverts) are inherently 
overaroused and therefore tend to avoid and withdraw from stimulating activities 
and environments. Extraversion is proposed to be related to cortical brain structures. 
Psychoticism includes characteristics such as recklessness, non-conformity, impul-
sivity, hostility, and anger and has been linked to testosterone levels and the brain’s 
monoamine oxidase pathway.
The FFM consists of five personality dimensions: neuroticism, extraversion, 
openness to experience, agreeableness, and conscientiousness. Neuroticism and 
extraversion are conceptually similar, although certainly not identical, to the traits 
with the same labels in Eysenck’s theory. Empirical work has shown that there is 
substantial overlap in the personality traits from the three personality theories 
(Markon, Krueger, & Watson, 2005). Neuroticism and harm avoidance cluster into 
a negative emotionality factor. Agreeableness, conscientiousness, novelty seeking, 
and persistence cluster into a disinhibition factor, while reward dependence and 
extraversion cluster into a positive emotionality factor.
 Candidate Gene Association Studies
The first three candidate gene association studies appeared in the same issue of 
Nature Genetics in 1996. They focused on a serotonin gene and on a dopamine 
gene. Lesch et al. tested the hypothesis that anxiety-related personality traits are 
correlated with genetically influenced serotonergic brain functioning. In a sample of 
505 individuals, higher neuroticism was associated with one or two copies of the 
short allele of a VNTR (5-HTTLPR) in a promoter region near the serotonin trans-
porter gene (5-HTT) on chromosome 17. In addition, 5-HTTLPR was also signifi-
cantly associated with measures of anxiety and harm avoidance. It was a landmark 
study, cited over 5,000 times, that many others tried to replicate. These replication 
efforts have been meta-analyzed a couple of times (Munafo, Freimer, et al., 2009; 
Schinka, Busch, & Robichaux-Keene, 2004; Sen, Burmeister, & Ghosh, 2004). The 
meta-analysis of Sen, Burmese, and Gosh (2004) included 23 studies on 5-HTTLPR 
and anxiety-related personality traits in adults and found a significant association 
between 5-HTTLPR and neuroticism (p  =  0.000016), but not harm avoidance 
(p = 0.166) or other anxiety-related personality traits (p = 0.944). A similar conclu-
sion was reached by Schinka, Busch, and Robichaux-Keene (2004) who meta- 
analyzed 26 studies, showing that the effect size for the association between 
5-HTTLPR and anxiety-related personality overall was small (d = 0.10), though 
medium for neuroticism (d = 0.23) and absent for harm avoidance (d = 0.04). Five 
years later, an even larger third meta-analysis, based on 42 studies, confirmed that 
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5-HTTLPR is not significantly associated with harm avoidance (d = 0.02, p = 0.37) 
or Eysenckian neuroticism (d = 0.01, p = 0.71) but showed consistent evidence for 
an association with FFM-based neuroticism (d = 0.18, p < 0.001) (Munafo, Freimer, 
et al., 2009). Taken together, these outcomes lend only partial support for Cloninger’s 
hypothesis that serotonergic brain activity is involved in anxiety-related personality 
traits. If a certain genetic effect is only relevant for a five-factor measure of neuroti-
cism, one might question its meaning (Munafo, Freimer, et al., 2009).
The other two candidate gene studies that appeared in the 1996 Nature Genetics 
issue reported on the dopamine receptor D4 (DRD4) gene and its association with 
novelty seeking (Benjamin et al., 1996; Ebstein et al., 1996). Based on a sample of 
124 adults, Ebstein et al. (1996) showed an association between the most common 
long allele (7-repeat) of the DRD4 exon III polymorphism and higher scores on 
novelty seeking. Benjamin et al. (1996), using a sample of 315 subjects, replicated 
these findings by showing that the DRD4 exon III long alleles (6 to 8 repeats) were 
associated with higher scores on extraversion and with lower scores on conscien-
tiousness compared to short alleles (2 to 5 repeats). In addition, the DRD4 exon III 
polymorphism was significantly associated with novelty seeking. Since then, many 
studies have tried to replicate these findings regarding DRD4 and 5-HTT. However, 
as a meta-analysis by Munafo et al. (2003) showed, this was with mixed results. The 
meta-analysis included all studies on the association between candidate genes in the 
serotonin and dopamine neurotransmitter pathways (including, but not restricted to, 
5-HTT and DRD4). They concluded that only the association between 5HTTLPR 
and neuroticism remained significant.
After the disappointment of failing to replicate initially promising associations 
between serotonin-related and dopamine-related genes and personality traits, 
researchers have broadly taken two different paths in the search for genetic variants 
for personality. One is gene x environment interaction (GxE) and the other is GWA 
studies. Regarding the first strategy, some have argued that the genetic effects in the 
dopamine and serotonin pathways may be masked by individual differences in 
exposure to environments and hypothesized that we can only detect genetic effects 
if we consider their interaction with the environment (Belsky et al., 2009; Caspi, 
Hariri, Holmes, Uher, & Moffitt, 2010). However, similar problems arose in these 
GxE interaction studies like in the candidate gene studies: initially promising stud-
ies could not be consistently replicated by other research groups. This was seen, for 
example, for the interaction effect between 5-HTTLPR and stressful life events on 
a depression measure (Munafo, Durrant, Lewis, & Flint, 2009; Risch et al., 2009). 
The interaction between 5-HTTLPR and stressful life events was also not found for 
the depression-related personality risk trait neuroticism (Middeldorp et al., 2010).
While some focused their attention on GxE interaction, others considered GWA 
studies more promising. Instead of focusing on one specific gene based on existing 
personality theory, they were interested in finding new loci to develop new theories 
about personality and how it relates to its biological underpinnings (Cichon et al., 
2009). This new route was based on the successes seen in the GWA studies for some 
disease phenotypes in medicine. Researchers thought that once such interesting new 
loci were identified, any interaction pattern with environmental exposure could be 
S. M. van den Berg and M. H. M. de Moor
109
studied next. Before turning to GWA studies, still during the years of trying to rep-
licate the candidate gene studies, yet another route was taken to find genes for per-
sonality, which were linkage studies.
 Linkage Studies
The first genome-wide linkage study for personality was conducted by Cloninger 
et al. (1998), examining harm avoidance, reward dependence, and novelty seeking. 
They reported a genome-wide significant location for harm avoidance on chromo-
some 8p. The results for reward dependence and novelty seeking were not signifi-
cant. The hit for harm avoidance was replicated by Zohar et al. (2003). None of the 
other locations could be replicated.
Most other linkage studies for personality focused on neuroticism (Fullerton 
et al., 2003; Kuo et al., 2007; Nash et al., 2004; Neale, Sullivan, & Kendler, 2005). 
Fullerton et al. (2003) found a region on chromosome 12q that showed suggestive 
linkage in two other studies (Gillespie et  al., 2008; Kuo et  al., 2007). They also 
found two regions on chromosome 1. The 1p region was close to a region reported 
by Nash et al. (2004), and the 1q region was close to a region reported by Neale 
et al. (2005). However, these locations were not genome-wide significant. None of 
the other locations for neuroticism could be replicated across studies. Given the 
evidence from twin-family studies that neuroticism and harm avoidance are strongly 
phenotypically and genotypically correlated (Gillespie, Johnstone, Boyce, Heath, & 
Martin, 2001), it is remarkable that the linkage studies fail to consistently point to 
specific locations on the genome for these phenotypes.
In sum, genome-wide linkage studies have not been very successful in identify-
ing genomic regions that are replicated. With sample sizes of around 200–1300 
sibling pairs, these studies might not have had enough statistical power. Furthermore, 
with linkage studies it is quite difficult to pinpoint regions with enough precision 
(Roberts, MacLean, Neale, Eaves, & Kendler, 1999). Nowadays, genome-wide 
linkage studies are considered to be a suboptimal technique to identify genes for 
complex traits (i.e., phenotypes that are influenced by many common genetic vari-
ants with each small effect size) (McCarthy et  al., 2008; Stranger, Stahl, & Raj, 
2011), and researchers have turned to GWA studies instead.
 Genome-Wide Association Studies
In 2008, the first two GWA studies on personality were reported, both examining 
neuroticism. Shifman et al. (2008), using a sample size of 2000, found no genome- 
wide significant locations but did report a suggestive association between neuroti-
cism and the PDE4D gene (chromosome 5). The other 2008 study used a sample 
size of 1227 and found a suggestive association between neuroticism and the 
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MAMDC1 gene (also labeled MDGA2) (van den Oord et al., 2008). This location 
was also significant in a German replication sample of size 1880, as reported in the 
same study. Interestingly, the same gene associated with neuroticism was found to 
be associated with harm avoidance in a study comparing the genotypes of 199 
patients with depression and 541 healthy controls (Heck et al., 2011). Unfortunately, 
the locus was not associated with neuroticism in another study with sufficient power 
(Hettema, van den Oord, An, Kendler, & Chen, 2009).
After these initial studies on neuroticism, the first study on all five personality 
traits from the FFM was reported by Terracciano et al. (2010). It was based on 3972 
individuals from a genetically isolated sample in Sardinia, Italy. Unfortunately, no 
genome-wide hits were found. There were a few suggestive associations for brain- 
related genes, for example, between neuroticism and the SNAP25 gene, between 
extraversion and the BDNF and two cadherin genes, and between agreeableness and 
the CLOCK gene (involved in circadian rhythms). The CLOCK gene’s association 
with agreeableness was present in two out of three replication samples, but none of 
the other associations could be replicated. The first study on the four Cloninger 
temperament dimensions was published in the same year by Verweij et al. (2010), 
using a sample size of 5117 individuals. Similarly, no genome-wide significant 
locations were reported, though the study had a statistical power of 90% to find a 
locus that explains 1% of the phenotypic variation. Both these studies show that 
personality traits are probably highly polygenic in nature, with many variants of 
each very small effect size. It therefore became clear that if one were to find genetic 
variants for personality, much larger sample sizes would be required. One way to 
achieve at such large sample sizes would be to pool results through meta-analysis.
 Meta-Analytic Genome-Wide Association Studies
Using the strategy of having multiple research groups carrying out a GWA study on 
the same five FFM personality traits, and then combining the statistical results of 
ten samples in a meta-analysis, de Moor et al. (2012) carried out an analysis with a 
total sample size of 17,375 subjects. There were an extra five independent replica-
tion samples with a total sample size of 3294 subjects. These 15 cohorts were the 
start of the Genetics of Personality Consortium (GPC). In this first study, significant 
loci were found for openness to experience near the RASA1 gene on chromosome 5 
and for conscientiousness in the brain-expressed KATNAL2 gene on chromosome 
18. However, these associations were very small (explained variances below 0.25%) 
and not clearly replicated in the five replication samples. Contrary to expectation, 
no genome-wide significant loci were found for neuroticism, the personality trait 
that had been so focused on in earlier molecular genetic studies.
In an attempt to further increase sample size, the GPC sought to include other 
research groups that in addition to genetic data had personality data, not just FFM 
traits but traits from other personality theories that are known to be highly 
correlated. Using phenotypic harmonization, data from various personality 
questionnaires were transformed in such a way that scores were representative of 
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either neuroticism/harm avoidance or extraversion/reward dependence. This proce-
dure was based on test linking and test score equating, methods applied in educa-
tional measurement settings that in turn makes use of models from item response 
theory (van den Berg et al., 2014). This harmonization attempt resulted in a sample 
size of well over 63,000 subjects from 29 cohorts (de Moor et al., 2015). For neu-
roticism/harm avoidance, a genome-wide significant result was found in the MAGI1 
gene (chromosome 3). Unfortunately, this was not significant in the replication 
cohort consisting of 10,000 subjects, though it remained significant in a meta-anal-
ysis including all 30 cohorts (de Moor et al., 2015). The MAGI1 is an interesting 
gene, as it is expressed in the hippocampus and had previously been linked to major 
depression, schizophrenia, and bipolar disorder. These are disorders that we know 
are genetically correlated with neuroticism. For extraversion/reward dependence, 
the harmonization attempt with the resulting increase in sample size did not lead to 
any genome-wide significant hits, which could be partly explained by the larger 
phenotypic differences in the scales used to assess extraversion/reward dependence, 
which made it somewhat more difficult to harmonize the traits as compared to neu-
roticism/harm avoidance. Another explanation could be that extraversion is even 
more genetically complex (i.e., more polygenic, more rare variants, non-additive 
gene action, etc.) compared with neuroticism.
These first meta-analyses were followed by a larger meta-analysis for neuroti-
cism with a sample size of 106,716 subjects (Smith et al., 2016). The large sample 
size was mainly due to the inclusion of data from the UK Biobank project with a 
sample size of 91,370. The UK Biobank contains health, medical, and genetic data 
for over 500,000 individuals between the ages of 39 and 73 years from the UK, 
assessed between 2006 and 2010. Smith et al. (2016) reported nine new loci for 
neuroticism. Two of these loci were in very large LD blocks, which make it very 
hard to determine the exact locus of interest. Among the genes that could be of 
potential interest in one of these regions is GRIK3 (a glutamate receptor gene). The 
gene identified by de Moor et al. (2015), the MAGI1, showed the same direction of 
effect, but was not significant in this larger study.
When the UK Biobank data were combined with data from the GPC, 11 signifi-
cant loci for neuroticism were reported (Okbay et al., 2016). Five of these had not 
been found in either the GPC study or the UK Biobank study, alone or any other 
previous GWA study. Of interest is the significant finding close to the DRD2, a 
dopamine receptor gene on 11q. This gene had been identified earlier in candidate 
gene studies (Munafo et  al., 2003) but had been dismissed on the basis of 
 heterogeneity in findings across samples. Lo et al. (2017) combined the data from 
the GPC with data from 23andMe and conducted a meta-analysis for agreeableness, 
openness to experience, conscientiousness, neuroticism, and extraversion. Two loci 
for neuroticism were found, one of which in the same large LD block on chromo-
some 8p23.1 as already identified by Smith et al. (2016) and Okbay et al. (2016). 
Subsequently, Lo et  al. (2017) combined the data from the GPC with data from 
23andMe, an independent replication sample from 23andMe, deCODE, and the UK 
Biobank. This resulted in a total of 260,861 phenotyped and genotyped individuals. 
Six genome-wide significant loci were found, one for conscientiousness, four for 
extraversion, and two variants for neuroticism, each variant explaining between 1 
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and 4% of the phenotypic variance. One of the variants for neuroticism was located 
in the same block on 8p23.1 that was previously associated with neuroticism and 
showed the largest effect size with 3.95% explained phenotypic variance. To date, it 
is the largest reported effect size for a personality trait for a single SNP. Most likely 
the effect size, if it is a true effect, is highly overestimated, since we already saw that 
a sample size of 5117 is sufficient to have a probability of 90% to detect a true effect 
that explains 1% of the variance (Verweij et al., 2010). If the true effect size were 
really this large, it should have been detected by earlier meta-analytic GWA studies 
like the GPC or even single-sample GWA studies.
The latest meta-analysis using the UK Biobank, 23andMe, and the Genetics of 
Personality Consortium data sets had a sample size of 449,484 subjects and studied 
neuroticism only (Nagel et al., 2018). There were 136 loci that were genome-wide 
significant; the effect sizes were not clearly reported. These loci could be linked to 
many genes involved in specific brain cell types, including dopaminergic neuro-
blasts, medium spiny neurons, and serotonergic neurons. Gene set analyses seemed 
to implicate pathways involved in neurogenesis, behavioral response to cocaine pro-
cesses, and axon part. Nagel et al. (2018) also showed first molecular genetic evi-
dence of some genetic heterogeneity in neuroticism: two genetically distinguishable 
subclusters of neuroticism labeled “depressed affect” and “worry.” A meta-analysis 
focusing on facets of neuroticism rather than the full scale was reported by Kim 
et al. (2017). Notwithstanding the relatively small sample size, 5584, they found a 
significant locus for the angry-hostility facet within the MIR548H3 gene. A non- 
meta- GWA analysis using only UK Biobank data, with a sample size of 329,821 
individuals, was reported by Luciano et al. (2018): 116 independent loci were asso-
ciated with neuroticism, of which only 15 replicated in 23andMe and the Genetics 
of Personality Consortium.
The general pattern that emerges is that as sample size increases, the number of 
significant hits increases as well. This seems promising. However, an important 
problem is that replication is no longer possible: the increase in sample size is in 
large part due to the pooling of independent samples, and the overlap in samples 
across published studies is large. Only the UK Biobank data set is large enough to 
detect a large number of hits, but there is (yet) no possibility to check these results 
in equally sized independent samples. Another problem involves harmonization of 
personality phenotypes. Only the GPC used harmonized measures, so that the effect 
sizes of SNPs could be compared across cohorts. For all other subsequent 
 meta- analyses, this was not the case: UK Biobank data is based on EPQ short-form 
measures, 23andME uses the Big Five Inventory, and the deCode data are based on 
NEO-FFI measures. For instance, we see the detection of the 18p23.1 locus for 
neuroticism in a couple of studies and although the direction of effect is in all cases 
the same, the effect sizes cannot be meaningfully compared since the studies all use 
different scales for the neuroticism phenotype. As it is more meaningful to compare 
effect sizes across studies rather than p-values (Amrhein, Greenland, & McShane, 
2019), this is a major hurdle in the interpretation of results across studies.
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Setting aside these problems of replication and effect sizes, the loci that so far 
appear to have been found for personality traits explain only a very small percentage 
of the variance, indicating that a large proportion of the genetic variance as esti-
mated in twin and adoption studies yet remains to be explained. What could SNP- 
based heritability studies tell us about this unexplained genetic variance, also known 
as the “the missing heritability problem” (Maher, 2008)?
 SNP-Based Heritability Studies
SNP-based heritability studies estimate the genetic variance in a trait explained 
not by a single SNP but by all SNPs in a study taken together. This type of study 
can answer the question whether it is realistic to find loci related to personality 
using SNPs as in a GWA study. The reasoning is that if the variance accounted for 
by SNPs is much less than the genetic variance found in twin and adoption studies, 
much of the variance is hidden and will not be found in GWA studies with the cur-
rent set of SNPs (or, alternatively, the estimates from twin and adoption studies 
could be biased). If estimates from twin and adoption studies are not biased, the 
variance may be hidden in regions not covered by SNPs, low frequency alleles, 
structural variations, or in complex interactions among genes, or gene-environ-
ment interactions. Most GWA studies now report SNP-heritability results; esti-
mates range from 0% to 18% (de Moor et al., 2015; Lo et al., 2017; van den Berg 
et al., 2016; Verweij et al., 2012; Vinkhuyzen et al., 2012). The sample size used 
by Lo et al. (2017) was the largest (60,000), and they reported SNP-heritabilities 
between 9% (agreeableness) and 18% (extraversion). The SNP-based heritabili-
ties were significant for all five personality traits, which prove that common 
genetic variants do influence personality, though the individual genetic variants 
are difficult to detect, most likely because each variant accounts for only a small 
proportion of variance (small effect size and/or low allele frequency). Nevertheless, 
the reported percentages of variance explained by SNPs are clearly less than the 
heritability estimates from twin and adoption studies, suggesting that common 
genetic variants with additive gene action do not fully explain all genetic variation 
in personality scores.
Taken together the evidence from the studies discussed above, it seems indeed 
possible to trace back the genetic variance from twin/adoption studies in the actual 
DNA, which is an important outcome from the recent meta-analytic whole-genome 
studies on personality, in spite of the difficulties still encountered to robustly detect 
single genetic variants. Yet, still an important portion of the genetic variance remains 
to be explained. To gain further insight into the relevance of the polygenetic vari-
ance of personality traits, GWA studies for personality have additionally started to 
investigate the polygenetic overlap among personality traits and with related psy-
chiatric phenotypes.
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 Polygenic Associations Between Personality Traits 
and Psychiatric Phenotypes
Although some theories of personality, such as the FFM, posited that the main 
dimensions of personality are orthogonal, it is well-known that most personality 
traits are correlated. For example, the phenotypic correlations between the Big Five 
personality traits in the large 23andMe sample ranged between |0.01| to |0.34| and 
were significant for all pairs of traits except for the correlation between conscien-
tiousness and openness to experience (Lo et  al., 2017). The correlation between 
neuroticism and extraversion was −0.24 and highly similar to previous reports (e.g. 
Gillespie et al., 2001). Multivariate twin-family studies have shown that personality 
traits are also genetically correlated (Franic, Borsboom, Dolan, & Boomsma, 2014; 
Jang et al., 2006). Using genome-wide SNP data to estimate genetic correlations 
among personality traits yields a similar picture: genetic correlations among Big 
Five personality traits range between |0.11| and |0.40| and were significant for all 
pairs of traits with the exception of the correlation between openness to experience 
and agreeableness. This analysis indicates that the personality traits are not just cor-
related at the phenotypic level but their genetic influences are associated as well (Lo 
et al., 2017), which could indicate that the same genes impact on multiple personal-
ity traits (Carey, 1988).
Personality traits are viewed as important predictors for a variety of life out-
comes, including mental and physical health outcomes. Molecular genetic studies 
on personality in this regard are often conducted in the hope to not only increase 
our understanding of the underlying (neuro)biological etiology of personality 
traits themselves but also of the risk to develop psychiatric disorders. Middeldorp 
et  al. (2011) showed that polygenic risk scores, based on meta-analytic GWA 
results for the five FFM personality traits (de Moor et al., 2012), uniquely pre-
dicted diagnoses of major depressive disorder (MDD) and bipolar disorder (BD) 
in independent samples. Polygenic risk scores for neuroticism predicted MDD, 
while polygenic risk scores for extraversion predicted BD. The prediction of MDD 
from polygenic scores for neuroticism was confirmed in the larger study using 
harmonized neuroticism as a phenotype by De Moor et al. (2015). Okbay et al. 
(2016) estimated the genetic correlations of neuroticism with depressive symp-
toms, subjective well- being, and a range of neuropsychiatric and physical health 
phenotypes, by investigating the overlap of the GWA results of all these pheno-
types. Neuroticism was strongly genetically correlated to both depressive symp-
toms (rg = 0.70) and  subjective well-being (rg = −0.75). The genetic correlation of 
neuroticism with anxiety disorders was also large. Smaller, yet significant, genetic 
correlations were found for neuroticism with BD, schizophrenia, coronary heart 
disease, and smoking. Of note, neuroticism was not genetically correlated with 
Alzheimer disease or autism spectrum disorder (ASD), body-mass index, fasting 
glucose, or triglycerides (Okbay et  al., 2016). Lo et  al. (2017) computed the 
genetic correlations among the Big Five personality traits and six psychiatric 
 disorders: MDD, BD, schizophrenia, attention-deficit hyperactivity disorder 
(ADHD), ASD, and anorexia nervosa. Neuroticism was highly genetically 
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correlated with MDD (rg = 0.56); extraversion showed a moderate genetic correla-
tion with ADHD (rg = 0.30). Openness to experience was moderately correlated 
with schizophrenia, BD, and MDD (rg from 0.28 to 0.36). MDD was further not 
only genetically correlated with neuroticism and openness to experience but also 
with agreeableness and conscientiousness (moderate negative correlations). 
Principal component analysis of the genetic correlation matrix further showed that 
the five personality traits and six psychiatric phenotypes can be grouped along two 
genetic dimensions: the first dimension mainly separating personality traits from 
psychiatric phenotypes and the second dimension reflecting an externalizing-inter-
nalizing distinction (Lo et  al., 2017). Taken together, these studies show clear 
overlap in the SNP-based genetic variance that associates with personality traits on 
the one hand and psychiatric phenotypes on the other hand. Moreover, neuroticism 
is most prominently genetically linked to internalizing disorders such as MDD and 
anxiety disorders, while extraversion is rather linked to ADHD and BD. In a previ-
ous section of this chapter, it was shown that GWA studies have just begun to 
identify some specific loci for personality. An important next step would be to 
further replicate these loci in terms of effect sizes using the same personality 
scales, to characterize the function of such loci in human (brain) tissues, and to 
relate this functional knowledge to insights into the (neuro)biological etiology of 
psychiatric phenotypes.
 Conclusion
The landscape of molecular genetic research has changed dramatically over the 
last three decades, as we have reviewed in this chapter, and this also holds more 
specifically for the molecular genetic work on personality. Only over two decades 
ago, the first candidate gene studies for personality were published in which single 
genetic variants in a gene were associated with neuroticism and novelty seeking in 
just a few hundred participants (Benjamin et al., 1996; Ebstein et al., 1996; Lesch 
et  al., 1996). This was followed by family-based genome-wide linkage studies 
conducted in at most a few thousand subjects and relying on a few thousands of 
microsatellite markers to cover the genome. Both types of studies are now consid-
ered to have been largely underpowered. Furthermore, these studies did not cover 
or failed to cover most of what we now know constitutes the common variation 
across the entire human genome. Hence, these studies did not yield any notably 
consistent results.
Now contrast this with the latest molecular genetic study on personality, in 
which more than eight million different genetic variants across the entire human 
genome were investigated in almost half a million of subjects (Nagel et al., 2018). 
This study has detected 136 genome-wide significant genetic variants for neuroti-
cism. In addition, such recent large-scale GWA studies have demonstrated that 
part of the heritability of personality as established in twin, family, and adoption 
studies can indeed be traced back to actual variation in the DNA. Furthermore, it 
has become clear that the variation in the DNA that is associated with personality 
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traits is also linked to psychiatric phenotypes and even health-related phenotypes 
(Lo et al., 2017; Okbay et al., 2016).
All in all, molecular genetic studies for personality have shown that likely a very 
large number of genes are implicated in explaining human variation in personality, 
in a manner that had already been proposed by Ronald Fisher one century ago with 
his polygenic model of inheritance (Fisher, 1918). The large sets of genes for per-
sonality have a variety of functions in the brain and other parts of the body and 
partly overlap with other phenotypes. Yet, the exact biological mechanisms of this 
polygenic variation and the causal mechanisms among genes, personality, and 
related phenotypes largely remain to be understood.
It is expected that novel genotyping techniques as well as novel methodological 
approaches will further boost the field of molecular genetic research on personality. 
For instance, new methods could divert from a focus on detecting single variants 
using a too simplified focus on statistical significance and lead us to answer perhaps 
more interesting and relevant questions such as what the most important genetic 
predictors of personality are (by using variable selection methods) or how we can 
predict personality based on genetic marker data (by applying machine learning 
methods). Furthermore, it should be noted that some other promising technical and 
analytical innovations are also already underway. For example, next-generation 
sequencing, genome-wide gene expression and epigenetic studies, and omics stud-
ies have now become feasible, and big data analytical techniques can be employed 
to combine and make sense of such data (Auffray et al., 2016; Eisenstein, 2015). We 
expect that these techniques will find their application to personality.
Besides such genomic big data efforts, it will remain important to continue to 
evaluate the usefulness of smaller-sized single studies to further increase our insights 
into genetic versus environmental influences on personality. For instance, twin- 
family and adoption studies have shown that environmental factors, largely unshared 
among family members in adulthood, contribute to about an equal part of the varia-
tion in personality traits, yet we know little about which specific environmental 
factors account for that environmental variance and how they link to polygenic 
variation in our DNA.  In addition, molecular genetic work on temperament and 
personality has rarely been integrated within single studies but would be important 
if we aim to obtain a lifespan understanding of how genetic variation affects person-
ality development, while considering environmental influences as well. Carefully 
designed longitudinal studies that include both molecular genetic data as well as 
in-depth assessment of environmental factors across development would be needed 
to address these outstanding issues.
Hopefully, these lines of research (molecular genetic/omics approaches, versus 
environmental/longitudinal approaches) are not just further developed indepen-
dently but brought together in multidisciplinary collaborations. A major challenge 
will lie in the interpretation of the outcomes of such multidisciplinary collaborative 
projects in the context of prevailing personality theories. Ultimately, we hope that 
the multitude of proposed future directions will yield novel knowledge on how 
genes are implicated in the development of individual differences in personality and 
how this relates to important health and well-being outcomes.
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